Photosynthetic reaction centers (RCs) and their core light-harvesting complexes (LH1-RCs), purified from a thermophile, Thermochromatium (T.) tepidum, and a mesophile, Allochromatium (A.) vinosum, were reconstituted into liposomes. The RC and the LH1-RC in the reconstituted liposomes were found intact from the absorption spectra at about 4 and 40 C respectively. The thermal stability of the RCs of T. tepidum in the liposome was dependent on whether they were surrounded directly by lipids or by the core light-harvesting complexes. The results show that the RC of T. tepidum gains its thermostability through interactions with the LH1. These results are consistent with the result that the thermal stability of the LH1 in T. tepidum is similar in both the reconstituted LH1-RC liposome and ICM. This is clearly different from the mesophilic bacterium, A. vinosum. The thermal stability of RC was also affected by its subunit constitution: the RC containing a cytochrome subunit was more thermostable than the cytochrome-detached RC. This suggests that the cytochrome subunit might play a role in protecting the special pair pigments from denaturation. The thermal denaturation showed a second-order reaction dependence on time. The interaction of the pigments with proteins and/or lipids might be the cause of the secondorder reaction profile.
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In photosynthesis, light energy absorbed by antenna complexes is transferred to photosynthetic reaction centers (RCs) that convert the energy to electrochemical potential across photosynthetic membranes. The potential is eventually utilized as a driving force for ATP synthesis, membrane transport, and various other energy requiring processes. Integral membrane antennas from photosynthetic purple bacteria are composed of polypeptides, bacteriochlorophyll (BChl), and carotenoid molecules, and can be divided into two types: core lightharvesting complex 1 (LH1), and peripheral light-harvesting complex 2 (LH2). Bacterial RC consists of three (or four) polypeptides called the L, M, and H subunits, (and sometimes a cytochrome subunit), and photosynthetic pigments: four BChlas, two bacteriopheophytinas (BPheas), one non-heme iron, and two quinones (and four hemes). The three-dimensional structure of the RC from Blastochloris (formerly Rhodopseudomonas) viridis was determined as an integral membrane protein. 1) RCs without the cytochrome subunits were isolated from other species of photosynthetic bacteria, and the threedimensional structures of one of them were determined. 2, 3) The role of the cytochrome subunit has been thought to be an electron path for the effective reduction of the photo-oxidized special pair. 4, 5) Thermochromatium (T.) tepidum is a thermophilic purple sulfur bacterium which can grow at temperatures up to 58 C. This growth temperature is the highest of all the purple photosynthetic bacteria. 6, 7) The RC has been isolated by detergent treatments.
8) The detergent solubilized RC remains thermostable up to 48 C, the y To whom correspondence should be addressed. Tel/Fax: +81-944-53-8738; E-mail: mkoba@ariake-ntc.ac.jp Abbreviations: BChl, bacteriochlorophyll; BPhe, bacteriopheophytine; CD, circular dichroism; ICM, intracytoplasmic membrane; LDAO, N,Nlaulyl dimethyl amine-N-oxide; LH1, light-harvesting complex 1; LH2, light-harvesting complex 2; -OG, n-octyl--D-glucopyranoside; RC, reaction center optimum growth temperature. 9) Recently, the threedimensional structure of the T. tepidum RC was determined by X-ray crystallography at 2.2 # A resolution. 10, 11) Comparison of the structures of RC between the thermophilic and mesophilic bacteria revealed that many arginine residues exist on the membrane surface of the periplasmic side. These positive charges are considered to interact with the phosphate groups of phospholipid, and/or the surrounding core antenna, which might play a role in the thermostability of the RC. 10) Since the reaction center is a membrane protein, reconstitution in liposome is a key step for utilization of the reaction center for light energy supply for bioengineering processes. In this study, we investigated preparation of liposome made from photosynthetic membrane proteins such as RC and LH1-RC from a thermophilic bacterium, T. tepidum, and a mesophilic bacterium, Allochromatium (A.) vinosum. We also investigated the thermal stability of the RCs in liposomes by measuring their absorption and circular dichroism (CD) spectra, since the stability of membrane proteins is the essential factor in utilization. The samples used include the LH1-RC and the RC from T. tepidum and A. vinosum reconstituted in liposomes. The factors responsible for the thermostability of pigment-protein complexes from T. tepidum are discussed. The reaction kinetics of denaturation showed a second-order reaction profile, and thermodynamic data of the denaturations were obtained and are discussed.
Materials and Methods
The culture and growth conditions of cells of T. tepidum and A. vinosum were described previously. 12, 13) Intracytoplasmic membranes (ICMs) were prepared from the cells by sonication methods. 12, 13) The RC and the LH1-RC were solubilized from the ICMs using detergents, N,N-laulyl dimethyl amine-N-oxide (LDAO) and Triton X-100 and/or n-octyl--D-glucopyranoside (-OG). 8, 12, [14] [15] [16] Purification of RC, RC without cytochrome, and LH1-RC, along with exchanges of detergent to -OG, were carried out by DEAE-anion exchange column chromatography. 17, 18) Extraction of lipids from ICM was carried out with a mixed solution of 2-propanol, chloroform, and water (1:2:1).
19) The lipids obtained were composed of phosphatidylethanolamine (51%), lysophosphatidylethanolamine (4%), phosphatidylglycerol (22%), and cardiolipin (23%).
Reconstitution of RC and LH1-RC into liposomes made of their own lipids was performed by a dialysis method described elsewhere. 19, 20) The samples of ICM, reconstituted LH1-RC, and RC liposomes were resuspended by 20 mM HEPES buffer (pH 7.8). The special pair of RC in the samples was reduced by the addition of 1 mM sodium ascorbate.
For the thermal stability experiments, the samples were heated in a water bath for 30 min at various temperatures and held on ice for 1 min. Then the absorption spectra were measured with a Beckman UD-640 spectrometer at room temperature. The CD spectra were obtained with a Jasco J-720W. In ICM and reconstituted LH1-RC liposome, the RC absorption was overlapped by the LH peaks, and the thermal stability of the RCs was estimated by the photoactivities of RC, which were calculated by difference absorption spectra between the reduced and photo-oxidized states after treatment at each temperature. The special pair cation in the photo-oxidized state of the RCs was formed by illumination under continuous light for 5 min. The photoactivity of the RCs was estimated by the formation of the special pair cation band (at 1,250 nm) for ICM and by the bleaching of the special pair band (at 885 nm) for LH1-RC liposome. 19) Time dependences of thermal stability were estimated from the relative absorbance changes by time at each transition. Thermodynamic parameters for thermal denaturation were estimated by the time dependent absorption changes at the various temperatures. The changes vs. times were plotted in the first and second order reaction plots, and the denaturation rates were calculated from the slope of the plots. An Arrhenius plot gave the activation energy and the collision factors, from which the enthalpy change, entropy change, and Gibb's free energy change for activation of the reactions were calculated by conventional methods.
Results
The liposomes of LH1-RC and RC from T. tepidum and their thermal stability Figure 1 shows the absorption and CD spectra of LH1-RC from T. tepidum in a reconstituted liposome at 40, 60, 70, 75, and 80 C. The absorption and CD spectra at 40 C were the same as those previously reported for the LH1-RC at 4 C, 12) and thus the reconstituted LH1-RC in the liposome maintained the native pigmentprotein structures. The bands at 915 nm and 800 nm in Fig. 1 can be attributed to the B915 of the LH1 and the accessory BChla in the RC respectively. 8, 12) With rising temperature, the absorption and CD magnitude of the B915 band decreased. Concomitant with these changes, the absorption intensity of the 760-nm band increased, but the CD intensity at this wavelength did not increase. Considering the fact that BPhea showed a peak at 760 nm in the buffer solution and the fact that the BPhea free from the protein had very little CD, the results can be interpreted as the release of BChlas from the LH1-RC complex and the degradation of BChla to BPheas with thermal perturbation. 21) At 80 C the B915 absorption band bleached completely. The 760-nm band became the largest in the absorption spectrum and a new band appeared at about 840 nm. The 840-nm bands can be attributed to aggregated BPheas. 22 ,23) Figure 2 shows the absorption spectra of the RC from T. tepidum in the reconstituted RC liposome at 4, 60, 65, and 70 C. A comparison of the absorption spectrum at 4 C with that previously reported for the native RC shows that the native pigment-structures of the RC are maintained in the reconstituted liposome.
8) The 885 nm, 800 nm, and 755 nm bands were assigned mainly to transitions of the special pair, accessory BChla, and BPhea, respectively. 8) At 70 C, the special pair and the accessory BChla bands decreased drastically and the BPhea band increased significantly. This result shows that treatment at high temperatures released BChla molecules from the special pair and the accessory sites. As mentioned before, free monomeric BPhea is characterized by a peak at 750 nm, 21) hence the results also implies a change of BChla to BPhea during heat treatment. Figure 3 shows a comparison of the stability of the RC in the ICM and in the reconstituted liposome of LH1-RC with that in the RC liposome. Because the concentration of the RC component is much lower in ICM and the LH1-RC liposome than in the neat RC liposome, the concentration of the RC component in the former two must be set 5 to 6 times higher than in the RC liposome. Even considering the concentration difference of the RC component, the thermal stability difference is evident. Thus the RC in the LH1-RC complex in liposome maintained most of its photoactivity at 70 C, while the RC of the liposome of RC lost its activity down to 40% at 70 C. This indicates that the thermal stability of the RC can be raised by the surrounding LH1. Figure 4 shows the absorption spectra of the reconstituted liposome with a cytochrome-depleted RC at 4, 60, 65, and 70 C. The special pair band of the cytochrome-depleted RC depleted completely at 70 C, but that of the cytochrome-attached RC remained at 40% at this temperature (Figs. 2 and 3 ). This shows that the special pair complex in the RC with the tightly bound cytochrome is more stable than the RC without a cytochrome subunit, which perhaps implies that the cytochrome subunit plays a role in protecting the special pair pigment from the outer medium in combination with the L and M subunits of RC by covering the special pair pigment. 10, 24) Since the N-terminal of the cystein residue of the cytochrome of T. tepidum RC has been shown to form an ester bond as S-glycero-cysteine with glycerol of a lipid molecule, and the bond should anchor the lipid molecule and the RC through the cytochrome, 10, 24) this factor might also contribute to stability by supporting the RC in the liposome. 24) These facts perhaps imply that the tightly bound cytochrome contributes not only to the transport of electrons to the photo-oxidized special pair cation, but also to the stability of the special pair pigment from denaturing. 4 ,5,25,26) Figure 5 shows the absorption spectra of ICMs from T. tepidum at 40, 60, 70, 75, and 80 C. The three peaks observed are assigned to B915 of LH1 and B850 and B800 of LH2.
12) The magnitude of the LH1 peak decreased with rising temperature, and finally its absorbance bleached completely at 80 C, whereas LH2 absorbance remained almost unchanged under these conditions. The high stability of the LH2 in the ICM of T. tepidum is noteworthy.
A comparison of Fig. 5 with Fig. 1 shows that the temperature dependence of the magnitude of B915 in the ICM showed a similar profile to that in the reconstituted liposome of LH1-RC. Hence LH2 and other membrane proteins in ICM do not influence the thermal stability of the LH1-RC.
Comparison of the thermal stability of the LHs between T. tepidum and A. vinosum Figure 6 shows a comparison of the temperature dependences in the relative absorbance of the LH1 band after 30 min of heat treatment in the ICMs to that in the reconstituted LH1-RC liposomes for T. tepidum and A. vinosum. The data for ICMs (solid lines) of the two species show that the LH1 of T. tepidum is thermally more stable than that of A. vinosum. The difference in thermal stability is about 10 C in ICM, which almost corresponds to the differences in their optimum growth temperatures. While the LH1 of T. tepidum in the reconstituted LH1-RC liposome had similar thermal stability to that in ICM, the LH1 of A. vinosum was more stable in ICM than in the reconstituted LH1-RC liposome. This means that the interaction between LH1 and RC can be the predominant factor for the thermal stability of the LH1 in T. tepidum, but that is not the case in A. vinosum. Close examination of the results in Fig. 3 and Fig. 6 shows that in the LH1-RC liposome and ICM, the RC is somewhat more stable than the LH1. This suggests that the denaturation of the LH1-RC starts from the outer LH1 part.
Thermodynamics for denaturation Figure 7 shows the absorbance changes of the LH1 band at about 915 nm (B915) in the reconstituted LH1-RC liposome at 70, 75, 77.5, and 80 C (a), and those in ICM at 70, 75, and 80 C (b) in the second-order reaction plots. It should be added that the plots in the first-order form did not give linear lines (data not shown). Figure 8 shows the activity change in the RC (P885) estimated from the flash induced absorption changes for the LH1-RC in the reconstituted liposome at 75, 77.5, and 80 C (a), and those in the ICM at 70, 75, and 80 C (b) in the second-order reaction forms. The changes followed the second-order plots. A comparison of the result in Fig. 8 to that in Fig. 3 might lead to a somewhat different conclusion about the thermal stability of the RC in LH1-RC and ICM. Figure 3 shows that the photoactivity of the RC in the LH1-RC liposome is similar to that in the ICM at 75 C, but Fig. 8 shows that the photoactivity of the RC in the LH1-RC liposome is different from that in the ICM at 75 C. The fact is that the photoactivity of the RC is slightly different in the ICM from that in the LH1-RC liposome, but that the difference is too small to be detected within 30 min. This is in agreement with the slight difference between ÁG 6 ¼ in the thermal denaturation of the RC in LH1-RC liposome and that in the ICM.
From the slopes of the plots in Figs. 7 and 8, secondorder rate constants (k 2 ) for the denaturation reaction were obtained and are plotted in the form of the Arrhenius plot in the insets in Figs. 7 and 8 . The slopes and the y intercept values in the Arrhenius plots gave the activation energies (Ea 6 ¼ ) and the collision factors for the denaturation reactions, from which the thermodynamic parameters for the thermal denaturation reactions were calculated by the conventional method, as described in ''Materials and Methods''. The data obtained are shown in Table 1 .
It should be added that the absorption change in the special pair for the cytochrome attached RC did not give the linear relation in both the first-and second-order plot (data not shown). Since the purified RC complex is known to lose the cytochrome subunit much more easily than the LH1-RC, 8, 27) one of the reasons for this can be attributed to the fact that the cytochrome in the purified RC detached from the L, M, and H subunits in heat treatment, and to the fact that the denaturation experiments contained the results of the RCs both with and without cytochromes. This comes from the experimental evidence that the second-order plots for the cytochromedepleted RC showed much better linear relation in the second-order plot (data not shown).
Discussion
Thermally stable structures in the RC from T. tepidum It was found that the RC in the reconstituted LH1-RC liposome is more stable than that in the reconstituted RC liposome. This result suggests that the T. tepidum LH1 contributes to the thermal stability of the RC. The threedimensional structure of the T. tepidum RC revealed several specific arginine residues on the membrane surface of the periplasmic side. 10) Analysis of the primary structure of the T. tepidum LH1 showed deletion of one residue in the subunit located at the membrane surface toward the periplasmic side. 28) This deletion leads to an asparic acid residue with a negative charge on the membrane surface of the same side where the above-mentioned arginine residues of RC exist. 10, 28) Since extra-ionic interactions between these ions of RC and LH1 for T. tepidum might contribute to the tight association between them, this might be an important factor in the thermostability of the RC in T. tepidum. It should also be noted that the special pair in the RC with cytochrome is far more stable than that in the cytochrome-depleted RC.
Thermal stability of the membrane protein LH2
The spectral profiles of LH2 from T. tepidum did not show essential change over a temperature range of 40 C-75 C (Fig. 5) , and similar spectral behavior was observed for the LH2 from A. vinosum (data not shown). The high thermal stability of the LH2 from both thermophilic and mesophilic sulfur bacteria is noteworthy. Since the LH2 bands of ICM from Rhodobacter sphaeroides bleached completely at 60 C (Kobayashi, unpublished data), not all LH2 complexes show high thermal stability. In this regard, it should be pointed out that LH2 complexes in native membranes from A. vinosum and T. tepidum show two couplet-type CD signals, but only one negative and one couplet-type CD signal were observed for that from R. sphaeroides. 12, [28] [29] [30] [31] Since the different CD profile indicates an aggregation structure difference, the aggregated structures of the LH2 pigments might be important for the thermostability of the LH2. Determination of the structure of these LH2 complexes would yield detailed information on the mechanism of thermostability of the membrane pigment-proteins.
Thermodynamic parameters for denaturation It was found that the denaturation reactions displayed second-order forms. This means that the pigment structures are destroyed by interactions with other components. Thermal change for a soluble protein, such as the higher potential iron-sulfur protein in T. tepidum, showed the first-order reaction profile (data not shown). The cause for the second order is perhaps derived from the interaction of the protein with the lipid, or other proteins in the liposome. From the thermodynamic parameters of denaturation for the RC and LH1 in the LH1-RC liposomes, the significant contribution to the activation free energy from the collision factor (i.e., the entropy term) is noted. Therefore the temperature affects the values very much. At 75 C the LH1 and RC showed similar ÁG 6 ¼ in the LH1-RC liposome and ICM. These results are consistent with those shown in Figs. 3 and 6. 
